This study gives a three-dimensional (3D) structural analysis of rat nephrons and their connections to collecting ducts. Approximately 4,500 2.5-m-thick serial sections from the renal surface to the papillary tip were obtained from each of 3 kidneys of Wistar rats. Digital images were recorded and aligned into three image stacks and traced from image to image. Short-loop nephrons (SLNs), long-loop nephrons (LLNs), and collecting ducts (CDs) were reconstructed in 3D. We identified a well-defined boundary between the outer stripe and the inner stripe of the outer medulla corresponding to the transition of descending thick limbs to descending thin limbs and between the inner stripe and the inner medulla, i.e., the transition of ascending thin limbs into ascending thick limbs of LLNs. In all nephrons, a mosaic pattern of proximal tubule (PT) cells and descending thin limb (DTL) cells was observed at the transition between the PT and the DTL. The course of the LLNs revealed tortuous proximal "straight" tubules and winding of the DTLs within the outer half of the inner stripe. The localization of loop bends of SLNs in the inner stripe of the outer medulla and the bends of LLNs in the inner medulla reflected the localization of their glomeruli; i.e., the deeper the glomerulus, the deeper the bend. Each CD drained approximately three to six nephrons with a different pattern than previously established in mice. This information will provide a basis for evaluation of structural changes within nephrons as a result of physiological or pharmaceutical intervention.
THE RAT KIDNEY HAS FOR MANY years been the target of a large number of functional and morphological investigations (10 -13, 17) and was recently reviewed (5) . In recent years, especially the rat renal medulla has been the subject of intensive comparative structural-functional studies and computer modeling [see e.g., Refs. 15 and 20 and very recently a very comprehensive study on modeling calcium transport in the rat nephron was published (28) ]. A prerequisite for conducting these kinds of studies is that the detailed morphology of the kidney is known. However, such a detailed three-dimensional (3D) analysis enabling identification of structural changes at a precisely defined distance from the glomerulus of the different segments along the nephron and collecting duct (CD) in the kidney is currently not available. We have previously described the 3D organization and ultrastructural segmental variation of the mouse kidney nephrons and CDs (29, 32) . To describe the variation in kidney morphology in different species, we decided to study the morphology of the rat kidney in detail. We have developed a combined histological and computerized technique, which enables the reconstruction of a large number of rat nephrons in 3D space. Consequently, the present study gives a detailed 3D analysis of rat nephrons, both short-loop nephrons (SLNs) and long-loop nephrons (LLNs), including a description of the course of individual nephrons, the spatial orientation, the interrelation between nephrons, the exact lengths of the different nephron segments and a structural analysis at well-defined intervals along different segments of the nephrons. These findings not only serve to describe the morphology of the rat kidney, but can also be used as a morphological basis for functional studies and for making computer simulation models of the rat kidney. Finally, together with our previous work on the morphology of the mouse kidney, the present study can provide insight into morphological and related functional differences between mouse and rat kidneys.
MATERIALS AND METHODS
Tissue preparation. The kidneys from three 3-mo-old male Wistar rats were fixed by retrograde perfusion through the abdominal aorta with 1% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4. The tissue blocks were cut perpendicular to the longitudinal axis of the kidney and extended from the surface through the papilla. The tissue blocks were fixed overnight in the same fixative and postfixed for 1 h in 1% OsO 4 in 0.1 M sodium cacodylate buffer, én bloc stained with uranyl acetate, dehydrated in ethanol, and embedded in flat molds in Epon 812 (TAAB, Aldermaston, Berks, UK). From each of the three kidneys, 4,252-, 4,384-, and 4,541 2.5-m-thick serial sections were cut from the surface to the papillary tip using a Reichert Ultracut S microtome (Reichert, Vienna, Austria) and a Diatome histoknife (Diatome, Biel, Switzerland). The sections were mounted on microscope slides and stained with toluidine blue.
All animal experiments were carried out in accordance with the provisions for the animal care license provided by the Danish National Animal Experiments Inspectorate.
Image acquisition. The histological sections were digitized using an Olympus AX 70 microscope (Olympus, Tokyo, Japan) equipped with an Olympus DP 50 digital camera attached to a standard PC. The images were recorded using a ϫ3 objective lens system (a ϫ4 objective lens in combination with a ϫ0.5 distance ring and a ϫ1.5 zoom lens).
Image aligning. Initially, the digitized images were aligned using a custom-made computer program written in C running under Linux as previously described in detail (18, 25) . In brief, the program iteratively estimated the translation dx and dy and the rotation between two adjacent images until the difference between the two images was as small as possible. The transformation values between two adjacent images were summarized into a set of absolute transformation values. The absolute transformation values underwent a high-pass filtration to avoid potential distortions of the image stacks as a result of small but accumulating "trends." Then, the images were transformed according to these absolute transformation values (1) (2) (3) 32) .
However, after this initial image aligning it turned out that this classic image-aligning method was not sufficient to align the sections, as the sectioning process had induced distortions in the relatively large plastic-embedded sections. Therefore, an additional image-aligning procedure was applied to the aligned sections (27) to compensate for the distortions induced by the sectioning process. In brief, five landmarks (e.g., CDs) were identified in two adjacent sections. Each section was subdivided into four polygons, each with four corners. Then, a nonlinear image transformation similar to the one used for image morphing was applied to each polygon, thus aligning the two adjacent sections. This refined image aligning was also carried out using custom-made software running under Linux.
After both image-aligning procedures, the images were 2,750 ϫ 2,500 pixels large, with an isotropic pixel size of 1.53 m.
Digital tracing and 3D presentation. The tracing of the nephron paths was performed interactively using custom-made software on the Linux system (32) . Calculation of the length of nephron segments and glomerular volume (see below) were integrated features of this software. In addition, the nephron path could be exported from the tracing software to the free 3D plotting program PlotMTV. The tracing was performed by manually placing a marker in the transversal tubule lumen along the course of the tubule. For each marker, the x-, y-, and z-coordinates were recorded in a data file, which thus documented the paths of all traced nephrons in three dimensions. In addition, the transitions between each segment of the nephrons were recorded manually in a separate data file. The tubular profiles and the transitions between different segments were identified from the structure in the digital images.
The nephron tracing was conducted in so-called "families" (32) . A "family" is defined as a CD and the nephrons that drain into the CD by the connecting tubules (CNTs) at the cortical level. The nephron tracing started at the end of the CNTs draining into a CD located in the center of the section, and ended at the glomerulus. The CD was then traced from the cortex toward the inner medulla (IM), and then these two paths were merged.
3D reconstruction and visualization of histological sections from the mosaic pattern of the proximal straight tubule (PST) and the descending thin limb (DTL) were performed with the visualization software Amira (version 4.1.2, Mercury Computer Systems) on the Linux system.
Nephron length measurements. Each nephron was subdivided into eight segments: proximal convoluted tubule (PCT), PST, mosaic part (mosaic pattern of PST and DTL), DTL, ascending thin limb (ATL), thick ascending limb (TAL), distal convoluted tubule (DCT), and connecting tubule (CNT). The length of each segment was calculated as the sum of the Euclidian distance between two subsequent markers in the course of the nephrons. To reduce measurement noise arising from the alignment procedures and the manual placement of the markers, the path was smoothed using a triangular moving average window, in such a way that the previous point in the path was weighted with ¼, the current point with ½, and the next point in the path with ¼.
Glomerular volume estimates. The glomeruli were not truly spherical, but more oval, round bodies. The margin of the glomeruli was therefore manually outlined by a polygon using the tracing program. The glomerular volume was then estimated using Cavalieri's principle (8), i.e., as the area of the polygons times the section thickness.
RESULTS

Figure 1 depicts a screen dump from the tracing program
showing a cortical section (573 m from the renal surface). The red numbers identify which nephron the tubular cross sections belong to. Figure 2A shows a 3D plot of all CDs (pink) and CNTs (blue) traced in one of the three kidneys. The CDs start to join with each other and with other CDs (white) at the transition from the outer medulla (OM) to the IM.
In Fig. 2B , all the SLNs (red) and LLNs (blue) traced in the same kidney are shown together with their CDs. A unique pattern of mosaic transitions from the proximal tubule (PT) to the DTL (mixture of PT and DTL cells; see also later, yellow) takes place inside a very narrow region (ϳ2,800 m from the renal surface, mean of the 3 kidneys), marking the border between the outer stripe of the outer medulla (OSOM) and the inner stripe of the outer medulla (ISOM). Similarly, the transitions from the ATL to the TAL, corresponding to the loop bends for the SLNs, also take place inside a very narrow region (4,270 -4,541 m, mean of the 3 kidneys), marking the border between the ISOM and the IM very distinctly (see below).
The schematic drawing in Fig. 3 illustrates the location of the glomeruli in the renal cortex and the location of the corresponding loop bends in the medulla in one of the three kidneys (a total of 56 traced nephrons). The size of the filled circles in the figure indicates the glomerular volume. The numbers next to the circles give the distance from the bend to the renal surface. The largest glomeruli with their corresponding longest nephrons are located between or even more deeply than the arcuate vessels, in the OSOM. The arcuate vessels, marking the border between cortex and the OSOM, are located 1,360 -2,975 m from the renal surface (mean of the 3 kidneys). Nephrons from the outer 30% of the cortex (yellow) have their bend located in a very narrow region [4,000 -4,350 m from the renal surface (in this kidney)], i.e., at the border between the ISOM and IM. The nephrons in the midcortical region (30 -60%, red) have their bends located progressively more deeply in the IM, the deeper the location of the glomerulus. The juxtamedullary nephrons, i.e., the nephrons starting at the inner 40% of the cortex (blue), have their loop bend located progressively even more deeply, the deeper the location of the glomerulus. In Fig. 3 , the nephrons are grouped in "families" (aligned vertically), i.e., the nephrons that drain into the same cortical collecting duct (CCD). In general, each family consists of three to six nephrons, two to four SLNs, and one to three "LLNs." However, a few families consisted of 7, 8, or even 11 nephrons. All three kidneys showed the same family pattern.
There is a linear correlation between the glomerular volume and the localization of the glomerulus (Fig. 4A) so that the deeper the location, the larger the glomerulus, r 2 ϭ 0.61. Similarly, there is a linear correlation between the glomerular volume and the nephron length (Fig. 4B) , r 2 ϭ 0.66; between the glomerular volume and the PT length (Fig. 4C) , r 2 ϭ 0.67 (see also below concerning very large glomeruli); and between the glomerular localization (depth) and the localization of the bend (Fig. 4D) , r 2 ϭ 0.92. The lengths of the different segments in all 159 traced nephrons are shown in Fig. 5A and in Table 1 , subdividing the nephrons into cortical (outer 30%), midcortical (next 30%), and juxtamedullary nephrons (inner 40% of the cortex). Figure  5B illustrates the length of the various nephron segments relative to the length of the whole nephron. The length measurements demonstrate that the length of the PT (ϳ13.7 mm) is surprisingly similar for the three different types of nephrons. The difference in length of the whole nephron between the cortical and midcortical, ϳ28 mm, vs. the juxtamedullary, ϳ37 mm, is mainly due to the long DTLs and ATLs of the juxtamedullary nephrons.
The location of the bends is also indicated in Fig. 5 . For the SLNs, which also include some of the outer midcortical nephrons, most bends are located at the transition between the DTL and the TAL, i.e., they have no ATL. In a few nephrons, the transition from DTL to TAL takes place before the bend, and a few SLNs have a very short ATL. It is striking that the bend is localized at ϳ60% of the whole nephron length regardless of the type of nephron (Fig. 5B) .
The length of the mosaic pattern at the transition from the PT to the TDL (see also below) was highly variable, but the mosaic pattern was nevertheless found in all nephrons, as seen in Fig. 5 . The length of the CNT appears to be similar for the superficial, midcortical, and juxtamedullary nephrons. However, these lengths were measured from the end of the DCT to the first fusion with either the CCD or another CNT from the same family, forming an arcade. In all traced families (35 in the 3 kidneys), juxtamedullary and midcortical nephrons formed arcades, as demonstrated for the family present in Fig. 6 , consisting of five nephrons. In general, all CNTs or arcades connected to the CCDs in the outer cortex, and from then on, there was no joining of CDs until the IM, where the medullary collecting ducts (MCDs) started to join.
The volume of the glomeruli is indicated on Fig. 3 . The equivalent diameters of the glomeruli (calculated from the glomerular volume assuming that the glomeruli can be represented as spheres) was very similar for the cortical, 134 Ϯ 2.6 m, midcortical, 133 Ϯ 1.0 m, and juxtamedullary, 145 Ϯ 1.7 m nephrons. However, a few of the juxtamedullary glomeruli were very large; five of them were Ͼ160 m in diameter, the largest being 178 m. Their nephrons were also longer than the other juxtamedullary nephrons, ranging from ϳ44 to 50 mm compared with a mean of 37 mm for the juxtamedullary nephrons (Table 1 ). This was in part due to the long thin limbs of these nephrons as they bent very deeply into the IM, and in part due to longer PT, from 16.3 to 17.5 mm compared with a mean of 13.9 mm for the juxtamedullary nephrons (Table 1) . Similarly, the DCTs were longer, from 2.7 to 3.8 mm, compared with a mean of 2.2 mm for the juxtamedullary nephrons (Table 1 ).
In the 3D plot presented in Fig. 7 , the course of a SLN and a LLN is shown. Specific colors (compare with Fig. 5 ), representing seven well-defined segments along the nephron, were used in the 3D plot: PCT (dark blue), PST (light blue), mosaic zone (yellow), DTL (dark green), ATL (light green), TAL (red), DCT (pink), and the CNT (blue). The transition from one segment to another was readily recognized during the tracing. However, as we have previously demonstrated in the mouse (29) , a straight part of the PT of LLNs was often difficult to define as it was convoluted along nearly its entire length. Similarly, the initial part of the DTL of LLNs demonstrated a tortuous course for a certain distance within the ISOM (Fig. 7) , as also seen in the mouse (32). Values are means Ϯ SE. The unique mosaic pattern of PT cells and DTL cells in the initial DTL is shown as a 3D reconstruction in Fig. 8 . This mosaic pattern was found in all traced nephrons, and the length of this mosaic pattern varied between ϳ40 and 1,000 m (see also Fig. 5A, Table 1, and Fig. 2 ). The length of the mosaic pattern was not related to the type of nephron (SLN or LLN) .
DISCUSSION
The present study gives the results of histological analyses and computer-assisted tracing and 3D reconstruction of 159 nephrons and 35 collecting ducts from 3 rat kidneys. This combination of histological and computer techniques provides an enhanced understanding of the exact spatial structure of individual nephrons, the interrelation of the nephrons, the exact lengths of nephron segments, and a morphological analysis at well-defined segments along the course of the nephrons. This information will provide the basis for the evaluation of structural changes within the nephron as a result of physiological and pharmaceutical intervention.
The glomeruli were relatively constant in size, ϳ133 m in diameter for cortical and midcortical nephrons and 146 m in diameter for juxtamedullary nephrons, with the exception of some very large (up to 178 m) juxtamedullary glomeruli. The nephron segments PT, thin limbs, and DCT in these nephrons were also significantly longer than the mean for juxtamedullary nephrons, indicating that the increased glomerular filtration in these individual nephrons is reflected in an increased nephron length (4) . In the human kidney, there seems not to be a cortical zonal difference in glomerular size (24) , and therefore it is difficult to predict a further pathophysiological importance for our finding of the very large juxtamedullary glomeruli, which to our knowledge has not been described in the human kidney.
The segmentation of the rat PT has been described in detail by Maunsbach (16) , subdividing it into S1, S2, and S3, although in the present study we chose to only subdivide the PT into a convoluted and a straight portion. However, our subdivision into nephrons originating from three cortical zones revealed that there was no difference in total length of the PTs regardless of whether they originated from the cortical, midcortical, or juxtamedullary zone (Fig. 5 and Table 1 ). This is in accordance with results in rats from Dørup and Maunsbach (7) and from Sperber (26) , but in contrast to our findings in mice (29) .
The relatively short, straight portion of the PT of the juxtamedullary nephrons is likely due to the fact that the straight portion may be difficult to define since it was convoluted along nearly the entire length, as we have also previously described in the mouse (29) .
The mosaic pattern of PT cells and DTL cells in the initial DTL has, to the best of our knowledge, never been described before. What made this observation possible in the rat is the serial section technique applied in the present study. In contrast, we did not observe a similar mosaic pattern in the mouse using the same technique (32) . The mosaic pattern was seen in all nephrons studied and is probably a developmental feature, and it is difficult to see any functional implications. This mosaic pattern may be similar to the features seen, e.g., at the CNT with a mixture of CNT cells, principal cells, and intercalated cells, as recently reviewed by Christensen et al. (5) .
The general structure of the rat kidney, including location of loop bends for different types of nephrons, has previously been described (see e.g., Refs. 5, 10, 12, 13, and 26). Similarly, the medulla has also been studied in detail (see e.g., Ref. 14). However, the exact localization of nephron segments and exact measurements of lengths for such a large number of whole nephrons as performed in the present study has, to the best of our knowledge, not been carried out before.
With respect to the CNT formation of arcades, the rat has generally been supposed to be intermediate (10) between e.g., rabbits and pigs, in which virtually all CNTs with the exception of the most superficial nephrons form arcades (21) and Psammomus obesus, in which only the deepest nephrons form arcades (9) . In a study in rats by Dørup (6) with emphasis on superficial nephrons, he presented five families, of which two did not form arcades. In the present study, we found that all 35 traced families formed arcades, which in our opinion would place the rat in the same category as the rabbit and the pig with respect to arcades. As suggested by Kaissling (9) , the formation of arcades in the cortical labyrinth probably serves to prevent addition of dilute urine from midcortical and juxtamedullary nephrons to CDs in the deep cortex.
As also discussed by Kaissling (9) , in species with a scarcity of arcades like P. obesus and humans, a proper fluid concentration in CDs is ensured by principal cells with antidiuretic hormone sensitivity/aquaporin-2 expression and other channels and transporters also in the intercalated cells in the CNTs.
In summary, due to the large number of nephrons analyzed in detail, the present study gives an excellent platform for future studies (see also, e.g. Ref. 19 on rat renal function giving the exact 3D interrelations of nephrons and the localization and lengths of distinct nephron segments in the different zones of the rat kidney). The results presented here and the material used will form the basis for future studies on the exact location of different transporters and other membrane proteins as well as ultrastructural studies at exact locations in the nephrons as we have already done in the mouse (22, 23, 29 -32) , of great importance for an understanding of renal function. 
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